Aim To demonstrate a new and more general model of the species±area relationship that builds on traditional models, but includes the provision that richness may vary independently of island area on relatively small islands (the small island effect).
. This pattern, referred to as the species±area relationship, is so common that it is often referred to as the closest thing to a rule in ecology (Schoener, 1976) . Many hundreds if not thousands of studies have demonstrated the generality of the species±area relationship using either the semi-log or log±log models (equations 1 and 2; see also Brown & Lomolino, 1998) . where S species richness, or number of species in a given sample, and A area of the sample. Note that in the log±log model, b 1 is often referred to as z and has received a substantial amount of attention since Preston (1962) predicted its`canonical' value to be 0.26 (Connor & McCoy, 1979; Martin, 1981; Sugihara, 1981; Wright, 1981; Lomolino, 1989; Rosenzweig, 1995) . In addition to reigning as one of nature's most general patterns, the species±area relationship is also one of its most important and insightful ones. Ecologists have used the species±area relationship as a tool to summarize patterns of diversity for a great number of taxa across a broad range of spatial and temporal scales. The relationship has served as a`stepping stone' for the development of major theories in ecology, including MacArthur & Wilson's (1963 , 1967 ) equilibrium theory of island biogeography, and for many important developments in the ®elds of metapopulation biology, evolutionary ecology and macroecology (Wilson, 1961; Brown, 1995; Rosenzweig, 1995; Hanski & Gilpin, 1997) . In addition, conservation biologists frequently rely on the species±area relationship to predict changes in species diversity under scenarios of habitat loss, and to develop strategies for conserving biological diversity within geographically limited reserves and fragmented ecosystems (Shafer, 1990; Brooks et al., 1997 Brooks et al., , 1999a . Yet, despite the many valuable and insightful applications of the species±area relationship, traditional approaches to studying this pattern may have ignored a perhaps cryptic, but potentially important feature ± the small island effect (SIE; . Detection of the SIE, in essence, implies that the species±area relationship is actually comprised of at least two distinct patterns. Beyond some minimum area, species richness increases as described by traditional models (i.e. semi-log and log±log models). On smaller islands, however, richness may vary independently of island area. Although largely ignored by most ecologists and biogeographers, SIEs were inferred or discussed as early as the 1960s by Preston (1962) and Mcarthur & Wilson (1967) in their seminal monograph on the species±area relationship and patterns in insular diversity, in general (see also Wiens, 1962) . Beyond the range of the SIE, richness consistently increases with island size, presumably because larger islands include a greater diversity of habitats, greater coverage of each habitat type, higher population levels and lower extinction rates of resident species and, possibly, higher immigration rates (Gilpin & Diamond, 1976; Lomolino, 1990) . Within the range of the SIE, however, it appears that these potentially bene®cial effects of somewhat larger size are rendered insigni®cant in comparison with idiosyncratic, inter-island differences in habitat characteristics, position relative to dispersal routes, or exposure to storms and other forces that may wipe out entire populations of insular biotas (Wiens, 1962; Niering, 1963; Losos, 1998) . In an overwhelming majority of studies of the species±area relationship, ecologists and biogeographers have assumed by default that SIEs are trivial, that they apply only to a small portion of the islands and archipelagoes studied and, thus, have little heuristic or practical utility. Yet this assumption, or hypothesis, has never been tested.
Here, we evaluate this hypothesis by ®rst describing an addition to traditional methods for analysing the species± area relationship, one that incorporates both SIEs and all features of the models presented above (equations 1 and 2). We then assess the prevalence of SIEs (as proportion of islands within the range of the SIE) across a broad diversity of taxa and archipelagoes (102 data sets), and evaluate whether SIEs vary in any predictable manner. Speci®cally, we predict that the threshold, or upper limit of the SIE, should be highest for species groups with relatively high resource requirements (e.g. groups comprised of relatively large vs. small species, homeotherms vs. ectotherms) because they require larger islands to maintain their populations. The upper limit of the SIE should also be relatively high for species with lower dispersal abilities (e.g. non-volant mammals vs. birds and bats; animals vs. plants) because they require larger populations and lower extinction rates to compensate for relatively low immigration rates. We also predict that upper limits of SIEs should be higher for biotas of more isolated archipelagoes (e.g. oceanic archipelagoes vs. those of lakes and rivers). Persistence on isolated archipelagoes, with their relatively infrequent immigrations, requires the relatively low extinction rates characteristic of populations on larger islands (MacArthur & Wilson, 1967; Brown & Kodric-Brown, 1977; Lomolino, 1986; Hanski & Gilpin, 1997) . Finally, we discuss the potential utility of an expanded species±area model ( Fig. 1 ) that includes both an ecological threshold, corresponding to the upper limit of the SIE, and an evolutionary threshold on islands large enough to allow in situ speciation.
MET HODS
We used simple linear regression with a breakpoint transformation to estimate the upper limit of SIEs along with r 2 values and other pertinent statistical parameters (Table 1; literature sources are available from the senior author on request). The breakpoint, or piecewise regression model with two pieces, we used is described below (see McGee & Carleton, 1970; Neter et al., 1996; Bersier & Sugihara, 1997) .
here in m 2 , T 1 the upper limit of the SIE, and (log 10 (A) ³ T 1 ) a variable that returns the logical value of 0 or 1.
Note that on islands smaller than T 1 , the independent variable equals 0 and species richness is estimated as a constant (b 0 ), independent of island area. On larger islands where log 10 (A) exceeds T 1 , the independent variable equals the difference between log 10 (A) and the breakpoint, T 1 . The data for each archipelago are not split for large vs. small islands, but included in one linear regression model (equation 3, above) for each archipelago or data set. The sample size equals the total number of islands, the estimates of the intercept, slope and coef®cient of determination apply to the entire data set, and the assumptions are those of General Linear Models, which are relatively robust. The key difference between this and more traditional models is the breakpoint transformation, which essentially decreases x-values of all small islands (those < T 1 ) to 0, and decreases x-values of all larger islands by the amount T 1 , the upper limit of the SIE.
We used a maximal r 2 method to estimate the upper limit of the SIE. We ran 101 regressions for each model (semi-log and log±log) and data set, incrementing the trial breakpoint (T i, in units of log 10 [A], m 2 ) by 0.1 each iteration through the range of T i 0.0±10.0. For the few data sets where at least one island fell outside this range, we adjusted the initial T i to include all islands (regressions run in Excel; ®le and macros available from senior author on request). We selected as the optimal breakpoint the T i value yielding the highest r 2 value calculated to the third decimal point (in the case of ties, we selected the largest T i value yielding that r 2 ), and estimates of b 0 and b 1 were taken from regressions using this T-value. We acknowledge that the relationship may be more gradual than implied by the breakpoint model, but de®ning a strict T 1 value has proven instructive, especially when evaluating predictions based on this threshold of the species±area relationship. Sample results for regressions run with and without breakpoint transformations are graphed in Fig. 2 .
RESULTS
Small island effects, albeit of varying magnitude, appear to be a relatively common feature of the data sets that we studied (Fig. 3) . The range of the SIE included at least a fourth of the islands in 60 (59%) of the data sets, and at least a 10th of the islands in 77 (76%) of the data sets (semi-log model; respective values for regressions with the log±log model were 23 [23%] and 46 [45%]). The prevalence of detectable SIEs is surprising, especially in light of our tendency as biogeographers and ecologists to undersample small islands. That is, although frequency distributions of island or patch sizes in nature tend to be highly right-skewed and leptokurtic (dominated by the very small islands), we tend to include a disproportionately high number of the ecologically more interesting, larger islands in our surveys. Note that seven of the eleven data sets where we failed to detect SIEs (semi-log model) included only large islands (i.e. those exceeding 10 6.3 m 2 ). SIEs may be important features of diversity patterns within these archipelagoes, but only within the range of the relatively numerous, but unsampled, smaller islands.
Median values for T 1 , the upper limit of the SIE, were 10 6.2 and 10 5.6 for semi-log and log±log models, respectively. That is, species richness tended to vary independently of area for islands up to approximately 1 km 2 . In the 91 data sets where we did detect SIEs (semi-log model), the T 1 values ranged from 10 1.7 to 10 9.8 m 2 . The improvement in the explanatory power of species±area models (based on differences in r 2 values with and without the breakpoint transformation) ranged up to 0.663 for the semi-log model, and up to 0.207 for the log±log model (improvement in r 2 exceeded 0.10 in 28 and 12% of the 102 cases for semi-log and log±log models, respectively). We limit the following discussion of patterns in variation of T 1 values to results of semi-log regressions, which are qualitatively similar to patterns derived from log±log regressions.
The T 1 values were lowest for plants on islands of Lake Hjalmaren, Sweden (10 1.7 ) and for plants on near-shore islands in Prince Charlotte Bay, north-eastern Australia (10 1.9 ). T 1 values were highest for Anolis lizards of isolated islands in the Caribbean (10 9.8 ), non-volant mammals of the Sunda Shelf (10 9.8 ), primates of islands in south-east Asia (10 9.8 ) and ungulates of African savannas (10 9.7 ). Within this range, variation in T 1 values was generally consistent with predictions based on characteristics of the archipelagoes and species groups (Fig. 4) . Archipelagoes of inland waters were characterized by relatively low T 1 values in comparison with those of marine systems where islands must be much larger that includes the scale-dependent changes in the principal factors structuring insular communities including (1) idiosyncratic differences among islands and effects of hurricanes and other stochastic extinction forces ± predominately on the small islands (i.e. those less than the ecological threshold, T 1 ), (2) more deterministic, ecological factors associated with habitat diversity, carrying capacity and extinction/immigration dynamics as envisioned by MacArthur & Wilson (1967) ± on islands of intermediate size, and (3) in situ speciation ± on the relatively large islands (i.e. those greater than the evolutionary threshold T 2 ). Table 1 Results of breakpoint regression analysis for small island effects in 102 data sets across a diversity of taxa and archipelagoes. The breakpoint, species±area regression model is Results of breakpoint regression analysis using the semi-log model
Results of breakpoint regression analysis using the log±log model Small island effect 437 Table 1 continued
Results of breakpoint regression analysis using the semi-log model
Results of breakpoint regression analysis using the log±log model Less than symbol indicates that the upper limit of the small island effect may be less than that of the smallest island studies.
a No islands were included within this range of island area, so breakpoints are reported as a range and slopes, which varied within this range, are not reported. Blackwell Science Ltd 2001, Journal of Biogeography, 28, 431±445 to maintain populations in the face of relatively infrequent immigrations. Fragmented terrestrial ecosystems and patches of terrestrial habitats such as vacant lots also tended to have relatively low T 1 values, while those of montane forests exhibited T 1 values within the range of marine biotas. This latter result is consistent with Brown's (1971) assertion that intermontane habitats, which are dominated by desert and other xeric habitats, are as isolating to montane forest species as the waters of marine archipelagoes. The T 1 values also exhibited some clear patterns of variation among species groups (Fig. 4) , tending to be lowest for plants (with their relatively low resource and space requirements, and high dispersal abilities), intermediate for reptiles, beetles and birds, and highest for non-volant mammals. Within the latter group, the highest T 1 values observed were those for the two groups comprised solely of large mammals (again, 10 9.7 and 10 9.8 for ungulates of African savannas and primates of south-east Asian islands). In contrast, T 1 values for species groups comprised solely of small mammals (those < 1 kg) ranged from 10 3.3 to 10 5.0 for those on islands of inland and near-shore archipelagoes (Basswood Lake, MN, USA, Lake Erie, and coastal islands near Boston, MA, USA) to 10 7.6 for small mammals on islands of the Sea of Cortez (all other mammalian biotas we studied were comprised of combinations of small to large sized species).
Ó
Comparisons among different taxa within the same archipelago are also instructive. Again, plants and birds tended to exhibit relatively low intra-archipelago T 1 values, while non-volant mammals, reptiles and amphibians, exhibited relatively high T 1 values (Fig. 5) Figure 2 Sample results of breakpoint and traditional species±area regression analysis for four insular biotas. Solid and dashed lines indicate predicted species±area curves using breakpoint and traditional methods, respectively (top two graphs based on semi-log models, bottom two based on log±log models). Note that in all of these examples, the slope of the species±area relationship is underestimated unless breakpoint methods are used to control for small island effects. The r for land snails, earthworms, harvestmen, spiders and beetles) and the British Isles (10 5.2 vs. 10 7.7 and 10 7.8 for mammals and plants). While these intra-archipelago comparisons are limited and preliminary to more expanded data sets and analyses, the observed tendencies are consistent with the predictions that the upper limit of SIEs should be highest for groups comprised of species with relatively high resource requirements and/or low dispersal abilities (e.g. non-volant mammals vs. birds and plants).
The prevalence of SIEs (detected for at least one island in 89 and 73% of cases using semi-log and log±log models, respectively) calls for a re-evaluation of traditional approaches to studying one of nature's most fundamental patterns. To more fully evaluate the relative importance of SIEs, we should compare frequency distributions of actual island sizes (not just those surveyed) with the upper limit of the SIE. Again, because biogeographers tend to undersample relatively small islands, SIEs may be more common than it appears based on the results presented here. To date, we have made this comparison of frequency distributions of available islands with the range of SIEs for just one archipelago, but the results are illustrative of the general approach and utility of such comparisons (Fig. 6) .
What we are recommending is not a radical change, but an enhancement of the species±area research programme: one that now includes the potential importance of SIEs along with all the features of traditional models. We are modifying the two traditional models by adding the breakpoint transformation. If all islands sampled fall above the range of SIEs, then the breakpoint transformation is zero and the model reduces to the semi-log or log±log models traditionally used for decades. The breakpoint transformation, however, has several advantages. It allows us to test the implicit assumption of previous studies that SIEs are trivial. It provides an objective means to estimate the range of the SIE within an archipelago and to explore patterns of variation in the upper limit of that range among species groups and archipelagoes. The breakpoint species±area Figure 3 Frequency distributions of the relative prevalence of small island effects (as proportion of islands sampled within each archipelago that fell within the range of small island effects) among 102 data sets of insular and otherwise isolated biotas. ) among a diversity of taxonomic groups and types of archipelagoes. Key to symbols: white, grey and black triangles represent inland, nearshore and marine archipelagoes, respectively; white and grey dots refer archipelagoes of anthropogenic fragments, and montane archipelagoes, respectively. model has three readily interpretable, biologically relevant parameters: b 0 , an estimate of the`sill' or species richness for relatively small islands; T 1 , an estimate of the breakpoint, or upper limit of the SIE in units of log 10 (A) and b 1 , an estimate of the semi-log or log±log slope of the species±area relationship on the larger islands. The breakpoint model also provides a means to study patterns in slopes and intercepts of semi-log or log±log models after adjusting for SIEs. Where SIEs are important, the slope of the semi-log or log±log relationship (b 1 or z) may be underestimated unless a breakpoint transformation is included in the regression model (see scatter plots of Fig. 1 , dashed vs. solid lines for regression results without and with breakpoint transformations, respectively).
In addition to its potential heuristic value, the breakpoint species±area model can be an important tool for conservation biologists attempting to predict diversity of prospective nature reserves, predict the loss in diversity following reduction of native ecosystems or develop management strategies for relatively small reserves. If species±area slopes on larger islands are actually steeper than those estimated by traditional relaxation models (see Fig. 2 ), then species extinctions will exceed estimates based on those models. On smaller islands, changes in fragment or reserve area should be a poor predictor of changes in species richness. Incremental additions to existing reserves that fall within the range of SIEs are less likely to promote increased diversity than are alternative efforts to optimize habitat quality and manage populations within those reserves. On the other hand, habitat and population management at local scales are unlikely to yield signi®cant increases in diversity of relatively large reserves unless these measures are applied at a very broad geographical scale and preferably combined with other measures of landscape-scale management such as establishing and managing dispersal corridors among reserves. It is ironic that the bene®ts of increasing reserve size are only likely to be effective where such measures will be most expensive, i.e. on the intermediate to large reserves ± those which fall beyond the range of SIEs. In all such applications, it is important to determine which reserves fall within or beyond the range of the SIE: the breakpoint species±area model provides a means to do this.
CONCLUSIONS
The approach we have described here may provide some important insights for developing a more general understanding of this fundamental pattern of nature, and for conserving biological diversity. We repeat an earlier call by ). Seventyeight (55%) of the 143 mapped fragments fell within the range of small island effects (i.e. were < 10 5.1 m 2 ; see , 2001 . the senior author to focus our attention on key thresholds of the species±area relationship (Fig. 1) . Two thresholds delineate three fundamentally different realms in island area where richness is most strongly in¯uenced by (1) idiosyncratic differences among islands, and hurricanes and other stochastic forces ± predominately on the small islands; (2) more deterministic, ecological factors including increased habitat diversity, increased carrying capacity and extinction/ immigration dynamics as envisioned by MacArthur & Wilson (1967) ± on islands of intermediate size; and (3) evolution ± on islands larger enough to provide internal geographical isolation (larger rivers, mountain ranges and other barriers necessary for in situ speciation; see Heaney, 2000; Losos & Schluter, 2000) . As Munroe (1953, p. 53) stated,`Where speciation is important, as in large islands and continents, the expected size of the fauna is exceeded, but the relationship between area and size of fauna is not lost, but accentuated' (see Fig. 1 , curve for islands larger than the evolutionary threshold, T 2 ). While the conceptual model of Fig. 1 is certainly more complex than traditional models of this very general pattern, we believe it is a more accurate and insightful one, and a more powerful tool for understanding and conserving biological diversity on islands and other isolated ecosystems.
